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TECHNICAL  NOTE  43/7 


USE  OF  THE  CO  AND  A  EFFECT  FOR  JET  DEFLECTION  AND  VERTICAL  LIFT 
WITH  MULTIPLS-FLAT-i’LATE  AND  CURVED-PLATE 
DEFLECTION  SURFACES 
By  Uwe  ’I.  von  Glahn 


SUMMARY 

The  ratios  of  lift  and  axial  thrust  to  undeflected  thrust  of  nozzle- 
leflection-piate  configurations  using  the  Coanda  effect  for  obtaining  jet 
inflection  and  lift  were  evaluated  from  force  measurements.  Pressure 
distributions  were  also  obtained  over  the  surfaces  of  the  deflection 
plates.  The  convergent  nozzles  used  in  the  study  were  of  rectangular 
:ross  section  with  exit  heights  ranging  from  0.5  to  2.0  inches.  The  jet- 
deflection  plates  used  included  configurations  made  up  of  two,  three, 
six,  and  nine  flat  plates  and  several  curved  plates  with  various  radii 
of  ’urvature,  all  having  side  plates  equal  in  height  to  the  nozzle.  The 
nozzles  discharged  into  quiescent  air  over  a  range  of  pressure  ratios 
from  1.5  to  3.0. 

In  general,  the  ratio  of  lift  to  undeflected  thrust  of  the  Coanda 
nozzles  studied  was  less,  depending  on  the  particular  configuration, 
than  that  theoretically  calculated  for  multiple-flat-plate  and  curved- 
plate  flaps  immersed  in  an  airstream.  By  use  of  a  configuration  made  up 
of  nine  flat  plates  and  for  a  90°  angular  deflection  of  the  jet  stream, 
a  maximum  ratio  of  lift  to  undeflected  thrust  near  0.88  was  obtained 
together  with  zero  axial  thrust.  For  a  similar  jet-deflection  angle, 
the  best  curved-plate  configuration  studied  achieved  a  ratio  of  lift  to 
undeflected  thrust  of  about  0.81.  The  decrease  in  the  measured  ratio 
of  lift  to  undeflected  thr  ,st  from  that  calculated  theoretically  for  a 
perfect  curved  plate  is  attributed  to  the  following  factors:  (l)  pres¬ 
sure  and  momentum  losses  in  the  real  jet  stream  that  are  not  accounted 
for  in  theory,  (2)  the  inability  of  the  Jet  stream  to  turn  she  full  de¬ 
flection  angle  prescribed  by  the  deflection  plate,  and  (3)  the  fact  that 
optimum  designs  for  the  multiple- flat-plate  and  especially  for  the 
i  urved- plate  configurations  were  not  necessarily  achieved  in  the  time 
'"ilable  for  these  exploratory  studies. 
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INTRODUCTION 

The  Coatidu  effect  may  be  described  a:;  the  phenomenon  by  which  the 
proximity  of  a  surface  to  a  Jet  stream  will  cause  the  Jet  to  attach  lt- 
yp 1  i  and  follow  the  surface  contour  (ref.  l)  .  The  local  pressures  on 
th»  deflecting  surface  are  less  than  ambient  air  pressure;  consequent.!'/, 
when  the  deflecting  surface  is  inclined  toward  the  ground,  these  negative 
pressures  result  in  a  lift  component.  A  drag  component  constituting  a 
thrust  reduction  in  the  axial-thrust  direction  is  also  obtained. 

The  use  of  the  Coanda  effect  for  obtaining  Jet-stream  deflection 
and  vertical  lift  from  a  single-flat-plate  deflector  is  described  in 
reference  2.  The  data  presented  in  reference  2  show  that  ratios  of  lift 
to  undeflected  thrust  and  axial  thrust  to  undeflected  thrust  comparable 
to  those  obtained  theoretically  with  a  flat-plate  type  of  mechanical 
deflector  can  be  achieved.  However,  the  deflection  angles  for  which 
theoretical  values  of  ratio  of  lift  to  undeflected  thrust  can  be  obtained 
with  a  single-flat-plate  deflector  are  limited  by  considerations  of  nozzle 
height  and  deflection-plate  length. 

The  negative  pressures  on  a  flat  plate  decrease  with  progressively 
increasing  distance  along  the  deflection  plate;  however,  with  each  angle 
increase  of  the  surface  relative  to  the  Jet  stream,  an  Increase  in  the 
negative  pressures  is  again  obtained  on  the  deflection  surface  (ref.  l) . 
Because  of  this  phenomenon,  the  use  of  multiple  flat  plates  or  a  curved 
surface  provides  deflection  angles  and  ratios  of  lift  to  undeflected 
thrust  much  greater  than  those  with  single-flat-plate  configurations 
(ref.  Z) . 

The  exploratory  study  reported  herein,  conducted  at  the  NACA  Lewis 
laboratory,  is  concerned  with  the  flow  and  performance  characteristics 
associated  with  multiple-flat-plate  and  curved-plate  Jet-deflecting  sur¬ 
faces.  Experimental  ratios  of  lift  to  undeflected  thrust  were  obtained 
for  configurations  yielding  Jet-stream  deflection  angles  up  to  about  90° 
and  ratios  of  axial  thrust  to  undeflected  thrust  near  zero.  Data  were 
also  obtained  on  the  effect  of  the  relative  angle  between  adjacent  flat 
deflection  plates  on  the  ratio  of  lift  to  undeflected  thrust  and  local 
surface  pressure  distributions  over  the  plates.  As  in  reference  2, 
rectangular  nozzles  cf  simple  convergent  design  rather  than  conventional 
circular  nozzles  were  used.  The  studies  were  conducted  with  a  small- 
scale  setup  (equivalent  nozzle-exit  diameter  less  than  2.75  in.)  using 
unheated  air  and  operating  at  pressure  ratios  across  the  nozzle  (ratio 
of  absolute  jet  total  pressure  to  ambient  pressure)  from  1.5  to  3.0. 

All  data  were  obtained  by  discharging  the  jet  into  still  air  at  approxi¬ 
mately  sea-level  atmospheric  conditions. 

The  estimated  p  ’formance  of  multi pi c-fiat-piate  deflectors  is  Dis¬ 
cussed  in  appendix  L  v  Thomas  F.  Gelder. 
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APPARATUS 
T«*:;t  Fanil! tv 

The  teut  (i  *  find  us  ^d  to  support  the  nozzle  configurations  and  to 
obtain  thrust  and  lift  measurements  la  shown  uc hemal  leal  ly  in  figure  1. 

The  tent  utand  consisted  oi'  a  plenum  suction  (inalde  dinm.,  5  In.; 
length,  16. b  In.)  mounted  horizontally  on  a  1 1 nk-aupportod  force -men 'Hiring 
oyotera.  Unheated  air  at  approximately  50°  F  waa  supplied  *«  the  plenum 
by  2  .b- Inch -inside -diameter  twin  oupply  iir.es  (fig.  2).  These  liner, 
were  placed  diametrically  opposite  one  another  and  at  right  angles  to 
the  plenum  in  order  to  eliminate  possible  side  and  thrust  forces  caused 
by  the  entering  air.  The  lines  were  also  isolated  from  the  force¬ 
measuring  system  by  flexible  couplings  at  each  end  of  the  supply  lines. 

The  nozzles  were  bolted  to  a  flange  at  the  downstream  end  of  the  plenum 
section.  A  single  total-.:ressure  probe  mounted  just  inside  the  nozzle- 
exit  plane  was  used  to  measure  the  total  pressure  of  the  Jet  stream. 

Tlie  net  thruGt  obtained  with  the  nozzle  configurations  was  measured 
by  strain  gages  mounted  near  tne  upstream  end  of  the  plenum  section  (fig. 
l) .  The  strain  gages  on  the  vertical  support  link  under  the  nozzle  flange 
were  used  to  measure  gross  values  of  vertical  or  lift  forces.  The  force 
measurements  obtained  with  the3e  strain  gages  were  recorded  on  a  modified 
flight  recorder. 


Coand  Nozzles 

A  Coanda  nozzle  consisted  of  a  convergent  rectangular  nozzle  exit, 
Jet-stream  deflection  plafe,  and  side  plates.  The  nozzles  were  of  a 
simple  convergent  design,  with  no  effort  being  made  to  achieve  an  optimum 
exhaust-nozzle  thrust  coefficient.  The  nozzles  were  formed  by  flattening 
progressively  a  2 ,9-ir.ch-diameter  tube  to  a  rectangular  exit  cross  section 
with  a  desired  nozzle  height.  The  exit  corners  had  radii  of  the  order 
of  0.03  inch.  Vertical  and  horizontal  cross  sections  at  the  centerline 
of  the  nozzles,  together  with  pertinent  dimensions,  are  presented  in 
figure  3. 

The  jet-stream  deflection  surfaces  consisted  of  (l)  combinations  of 
twd,  three,  six,  and  nine  flat  plates,  and  (2)  several  curved-plate 
deflectors . 

Multiple-flat-plate  deflection  surfaces.  -  For  the  two-  and  three - 
flat-plate  configurations,  the  plates  were  attached  to  the  nozzle  by 
means  of  a  piano  hinge,  and  each  succeeding  plate  was  similarly  attached 
to  its  adjacent  plate  (fig.  4).  Individual  telescoping  tubes  supported 
the  downstream  end  of  each  plate.  These  supporting  tubes  were  attached 
to  a  bracket,  which  in  turn  was  secured  to  the  nozzle  flange.  The 
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deflect  ior.  angle  of  each  plate  was  varied  Independently  ol'  the  other 
platen  In  the  configuration.  The  following  schematic  .  etch  shows  the 
general  arrangement  for  the  two-  and  three-flat-plat*  jnf igurations  arm 

identifies  the  pertinent  components: 


The  total  deflection-plate  angle  is 

=  0^  +  0 2  "t 

and  the  total  deflection-plate  length  is 

Zt  =  If  +  Z2  +  *3 

(All  symbols  are  defined  in  appendix  A.) 

The  deflection  plate  for  six-  and  nir. .  -flat -plate  configurations 
consisted  of  a  single  piece  of  sheet  metal  bent  at  the  appropriate  down¬ 
stream  locations  to  yield  the  desired  local  deflection-plate  length  and 
angle.  The  juncture  between  the  various  plates  consequently  consisted  of 
a  curved  radius  section  rather  than  the  sharp-edged  gap  formed  at  the 
hinge  line  for  the  two-  and  three-fiat-plate  configurations.  The  six- 
arid  nine-flat-plate  deflectors  were  attached  to  the  nozzle  by  means  of  a 
piano  hinge.  A  single  telescoping  tube  supported  the  downstream  end  of 
the  deflection  plate  in  the  same  manner  as  in  the  previous  configurations . 

For  the  nine-flat-plate  configuration,,  the  initial  deflection-plate  angle 
0- j_  could  be  vai  ied  ±10°,  thereby  yielding  some  off-de-ign  rverformanc c 

data . 
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Pertinent,  dimensions  lor  all  the  multiple  lat-pinte  conflgurat  ions 
studied  are  uu  follows: 


Cor.fi  g- 
urnt ion , 
number  of 
plates 

Nozzle 

height, 

in . 

Length  of  plate, 
In. 

Deflection  angle 
between  adjacent 
plates , 

o, 

deg 

|  *1 

*2 

h 

2 

]  .1 

2  .0 

5.2 

_  _  _  _ 

Var iable 

2.0 

2.75 

---- 

3 

1.1 

2.0 

2.75 

4.0G 

Variable 

0.5  and 

2.0 

2.5 

2.75 

4 .80 

6 

2.0 

\ — 1 

l6> 

2.0  each 

12.5 

9 

0.5 

1  ■]  to  Z  q  , 

0.6  each 

10.0;  0^  varia- 

ble  ±10° 

As  in  reference  2,  side  plates  were  attached  to  the  deflection  plates 
in  order  to  delay  jet-stream  detachment  from  the  plates.  For  the  data 
presented  herein,  the  aide  plates  were  equal  in  height  to  the  nozzle 
height  and  were  sealed  to  the  jet-deflection  plate  to  prevent  air  leakage. 
Limited  data,  not  included  herein,  were  obtained  with  side  plates  equal 
to  twice  the  nozzle  height  and  showed  no  difference  from  that  obtained 
with  side  plates  equal  to  the  nozzle  height.  Pressure  taps  were  located 
along  the  centerline  of  each  jet-deflection  plate  for  the  two-,  three-, 
and  six-plate  configurations.  For  the  nine-flat-plate  configuration, 
pressure  taps  were  located  on  the  odd-numbered  plates. 

Curved  plates.  -  The  curved-plate  setup  consisted  of  a  box  frame  that 
was  attached  to  the  nozzle  flange  and  supported  a  number  of  l/8-inch  alu¬ 
minum  plates  stacked  in  the  box  at  a  45°  angle  to  the  nozzle  centerline 
(fig.  5).  A  template  and  jig  were  used  to  adjust  these  plates  (which 
could  be  slid  relative  to  each  other)  to  the  desired  curved-plate  profile. 
The  deflection  plate  consisted  of  a  sheet  of  spring  brass  (0.010  in.  thick) 
sufficiently  wide  to  adequetely  span  the  nozzle -exit  width.  In  order  to 
obtain  surface  pressure  measurements,  a  plastic  belt  l/ 16  inch  thick  and 
about  1  inch  wide  was  cemented  to  the  brass  deflection  plate  at  the  center- 
line.  To  each  side  of  this  pressure  belt,  sheet  rubber  of  thickness  equal 
to  the  belt  was  cemented  to  the  brass  plate  to  provide  a  smooth,  even 
surface.  The  upstream  end  of  the  finished  deflection  plate  was  secured 
to  the  nozzle  by  a  special  brass  fitting  machined  to  provide  the  proper 
jet-deflection  angle  from  the  nozzle  exit  to  the  deflection  plate.  The 
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deflection  plate  was  then  placed  over  the  contoarcd  a tack  of  aluminum 
plateu  and  anchored  tightly  in  place  by  meana  of  a  cable  and  turnbuckle 
attached  to  the  box  frame  und  the  downntream  end  of  the  deflection  plate 
(fig.  5)  .  Side  platen  o  1  the  Dome  height  or,  the  nozzle  and  running  the 
full  length  of  the  deflection  plate  were  mounted  on  each  aide  of  the 
nozzle.  The  aide  platen  were  sealed  to  the  plate  to  prevent  air  leakage 
onto  or  away  from  the  deflection  pla^e. 

Sketches  of  the  curved  deflection-plate  profiles  studied  (A  to  F) 
are  shown  in  figure  6  together  with  pertinent  dimensions.  The  curved 
plates  consisted  of  a  :,hort  straight  section  followed  by  a  circular-arc 
section  until  a  turning  angle  of  90°  wan  obtained  for  the  plate.  Beyond 
the  90°  angle,  configurations  A,  3,  C.  and  F  were  provided  with  an 
additional  curved  section. 


PROCEDURE 

Force  and  pressure  data  were  obtained  over  a  range  of  nominal  pres¬ 
sure  ratios  across  the  nozzles  from  1.5  to  3.0.  The  Jet  stream  discharged 
into  quiescent  air  at  an  ambient  pressure  of  29.2±0.3  inches  of  mercury. 
The  forces  on  a  Coanda  nozzle  and  the  moment  arms  are  shown  in  the  fol¬ 
lowing  sketch: 


L 


It  was  determined  that  the  horizontal  force  measurements  were  independent 
of  any  vertical  force;  hence,  the  axial  thrust  was  obtained  directly  from 
strain  gage  1.  The  moment  about  pivot  A  consisted  of  two  components,  the 
lift  caused  by  the  deflection  plate  and  the  axial-thrust  reduction  (drag) 
caused  by  the  plate.  In  calculating  the  net  Ilf;,  moments  about  pivot  A 
give  the  following  equations: 
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or 


L(z  +  z'  +  : 


z)  +  D  +  yj  n  F(z) 


F(20.96)  -  D  +  yj 
L  "  (30.22  +  z)  L 


(1) 


(2) 


The  thrust-reduction  force  (drag  of  deflection  plate)  D  was  calculated 
by  subtracting  the  measured  axial  thrust  obtained  with  the  deflected  plate 
from  that  obtained  with  the  undeflected  Jet  (no  deflection  plate).  The 
values  of  ~  and  z  were  obtained  from  center-of-pressuro  calculations 
based  on  the  pressure  distribution  over  the  deflection  plate. 

In  general,  the  deflection  plate  for  a  particular  Coanda  nozzle  was 
set  at  a  predetermined  angle  and  all  pressure  and  force  data  were  recorded 
as  the  nominal  pressure  ^atio  was  increased  progressively  from  1.5  to  3.0. 
Data  recording  generally  was  terminated  for  any  particular  configuration 
when  the  jet  stream  became  detached  from  the  plate.  Jet-stream  detachment 
from  the  deflection  plate  was  observed  visually,  since  sufficient  water 
vapor  condensed  out  of  the  air  leaving  the  nozzle  to  permit  easy  observa¬ 
tion  of  the  Jet  stream.  At  the  time  jet  detachment  was  observed,  lift 
force  was  reduced,  axial  thrust  was  increased  to  values  approaching  the 
undeflected  thrust,  and  local  surface  pressures  on  the  deflection  plate 
approached  the  ambient  pressure. 


RESULTS  AND  DISCUSSION 
General  Considerations 

The  performance  of  each  Coanda  nozzle  is  evaluated  in  terms  of  the 
ratios  of  lift  to  undeflected  thrust  and  axial  thrust  to  undeflected 

thrust  9, z ,  where  the  undeflected  thrust  is  that  obtained  for  each  nozzle 

without  a  deflection  plate.  As  a  basis  for  comparison,  the  experimental 

and  values  obtained  herein  are  compared  with  those  obtained  from 

a  simplified  theoretical  analysis  for  a  perfect  curved-plate  mechanical 
deflector  (ref.  4)  and  with  those  obtained  from  an  empirical  relation 
for  single-  and  multiple-flat-plate  deflectors.  The  equations  for  the 

and  ^  values  for  the  various  flat-plate  deflectors  are  described 
in  appendix  B  and  are  summarized  in  the  following  table: 
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^eiTunimtioe  uf  this  type*  deflector  Is  said  to  follow  the  "cosine  law." 


As  Is  evident  from  the  table,  the  ^  and  ^  values  calculated  by 

use  of  the  a  *  1 icable  equations  in  appendix  B  for  muitiple-f iat-plate 
configurations  vary  with  the  number  of  flat  plates  used  and  the  local 

deflection  angle  between  adjacent  plates.  In  all  cases  the  calculated 

and  values  for  a  multiple-flat-plate  configuration  are  less  than 

those  for  a  perfect  curved  deflector.  For  a  multiple-flat-plate  del’lectur 
at  total  deflection  angles  beyond  those  obtainable  with  a  single  flat 
plate  (ref.  2),  decreasing  and  J?  values  are  obtained  with  progres¬ 

sively  fewer  flat-plate  segments..  Conversely,  as  large  numbers  of  flat- 
plate  segments  are  used  (constant  total  deflection  angle),  the  surface 
contour  approaches  that  of  a  curved  surface,  and  and  values  near 

those  given  by  the  sine  and  cosine  curve,  respectively,  are  obtained.  An 
example  of  the  effect  of  the  number  of  flat  plates  used  to  obtain  a  total 

Jet-stream  deflection  of  60°  on  the  calculated  and  ^  values  is 

shown  in  the  following  table,  along  with  the  values  for  the  perfect  curved 
plate: 


j  Plate  contour 

Local  angle  be¬ 
tween  adjacent 
plates , 
deg 

"  ^ 

r7  * 

|  Two  flat 

30 

0.78S 

0.211 

j  Three  flat 

20 

.803 

.326 

Six  flat 

Curved 

” 

.829 

.420 

(cosine  law)^ 

f't,  ^ 

.866 

.500 
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Tht,*  table  allow  a  a  variation  tn  the  cnlcula'.d  value  based  on  that  for 

,  a  perfect  curved  plate  of  up  to  9  percent,  me  in  the  calculated  value 

up  to  50  percent  depending  on  the  deflection-plate  contour. 

4- 

CD 

o 

1  Performance  of  Coanda  Nozzles 

The  performance  of  the  Coanda  nozzles  in  terms  of  tne  ratio  of  lift 
;  to  undeflected  thrust  and  ratio  of  ayini  to  undeflected  thrust  ^ 

i!  (hereinafter  called  axiaL-thrust  ratio)  as  functions  of  total  deflection- 

plate  angle  is  presented  in  table  I.  Cross  plots  of  these  data  show  that 
the  performance  (  and  for  a  particular  configuration  at  a  given 

deflection  angle  is  substantially  independent  of  pressure  ratio  as  long 
as  jet  detachment  from  the  deflection  plate  does  not  occur.  Consequently, 
the  discussion  of  the  data  herein  generally  will  be  confined  to  a  nominal 
pressure  ratio  of  2.1,  and  the  trends  of  the  data  will  be  considered 
representative  of  those  occurring  at  the  other  pressure  ratios  studied. 

Only  peiicrmance  data  for  no  jet  detachment  from  the  deflection  plates 
are  discussed  herein.  Jet  detachment  usually  occurred  within  5°  of  the 
4  angles  associated  with  the  last  data  point  given  in  table  I. 

i 

3 

J  The  following  general  performance  data  were  obtained  with  all  con¬ 
figurations  studied:  (l)  The  experimental  and  values  increased 

and  decreased,  respectively,  with  increasing  total  deflection-plate  angle, 
and  (2)  the  experimental  ^  and  ^  value:  were  lower  and  higher, 

respectively,  than  calculated  values .  The  departure  of  the  experimental 
values  from  calculated  values  is  attributed  primarily  to  the  facts  that 
the  jet  stream  was  not  turned  the  full  deflection  angle  prescribed  by  the 
deflection  plates  and  that  the  average  jet  total  pressure  decreased  with 
increasing  distance  downstream  of  the  nozzle  exit  ( see  .appendixes  C  and  D) . 

The  following  sections  present  details  of  the  experimental  over-all 
performance  data  for  multiple-flat-plate  and  curved-plate  Coanda  nozzles 
in  terms  of  and  a3  functions  of  total  deflection-plate  angle 

Sf  Also  shown  in  the  attendant  figures  are  the  applicable  calculated 

and  ^  values  fo 1  the  particular  configurations  and,  for  comparative 

purposes,  the  curves  obi  ained  for  single-flat-p'late  and  perfect  curved- 
plate  mechanical  deflectors.  For  convenience,  the  calculated  ^  and 

^  values  for  multiple-flat-plate  configurations  are  shown  by  curves 
representing  an  average  value  at  any  St  *'or  the  particular  combination 
of  plates  indicated  by  *;’■:&  experimental  data  points;  the  specific  calcu¬ 
lated  values  that  apply  for  each  configuration  are  within  ±2  percent  of 
the  average  values  given  by  the  curves . 
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Two  flat  plates .  -  The  and  vnlucu  for  n  Oonirln  nozzle  u>  l  v 

two  flat  plates  to  deflect  the  Jet  stream  nr«*  shown  In  figure  ’  a«  a  !'  r-- 
tlon  of  0j. .  The  data  were  obtained  using  n  nozzle  height  of  1.1  Itch  / 

and  several  plate  lengths  an  noted  In  the  figure.  The  measured  vi  uen 

are  about  12  percent  lower  than  the  corresponding  values  caKw**..eJ  b>  m- 
of  appendix  B.  For  the  range  of  deflection  angles  shown  In  figure  7,  ‘ .e 
decrease  in  the  calculated  ^  values  (estimated  perforaanew  curve,  Mg. 

7)  from  the  sine  curve  amounts  to  about  3  percentage  points.  The  mem  red 
value  at  a  9^  of  50°  falls  about  54  percent  above  the  cnlculat 

values.  At  small  total  deflection  angles  (less  than  30°)  the  experiOMtal 
values  fall  approximately  on  the  estimated  performance  curve. 

At  a  particular  total  deflection-plate  angle,  greater  valiai 

usually  are  obtained  for  configurations  with  large  0^  than  with  sma  1 
Q-\_.  For  example,  at  0f  of  30°  the  configuration  with  0^  of  20°  h is 
an  *1  value  of  0.455  compared  with  ^  of  0.410  for  a  conflgurntl  n 
with  0j_  of  10°.  Within  limits,  the  0g  at  which  Jet  detachment  c  curs 
from  the  deflection  plate  is  independent  of  0j_. 

Because  the  local  surface  pressure  coefficients  were  c^sentiall /  zero 
over  the  last  half  of  the  second  deflection  plate  (see  appendix  C),  a 
reduction  in  the  length  of  the  second  plate  from  5.2  to  2.75  inches  had 
no  appreciable  effect  on  the  measured  and  valueG  (fig.  7) 

A  comparison  of  the  data  shown  in  figure  7  with  that  given  in  ref¬ 
erence  2  shows  that  a  two-flat-plate  configuration  can  be  dcflectei.'  to 
considerably  larger  0j.  values  than  a  single  flat  plate  before  Jet  de¬ 
tachment  occurs.  Consequently,  larger  values  can  be  obtained  with 

two  flat  plates  than  with  a  single  flat  plate.  Specifically,  for 
deflection-plate  lengths  and  angles  approaching  optimum  values  (d( fined 
as  deflectors  having  negative  surface  pressure  coefficients  over  1  belr 
entire  surface  with  a  zero  pressure  coefficient  initialJv  occurrirg  at 
the  downstream  end  of  each  plate;  see  also  ref.  2),  a  two-flat-plnte  con¬ 
figuration  can  deflect  the  Jet  to  angles  about  50  percent  greater  and 
obtain  values  about  30  percent  larger  than  those  obtainable  v i th  a 

singie-flat-plate  configuration. 

Three  flat  plates .  -  The  and  values  for  Coanda  no; zles  using 

three  flat  plates  to  deflect  the  jet  stream  are  shown  in  figure  1  as  a 
function  of  0^.  Nozzle  heights  of  2.0,  1.1,  and  0.5  inch  were  ased 
together  with  individual  deflection-plate  lengths  of  2  to  4.88  4  aches  as 
noted  in  the  figure.  In  general,  the  data  show  the  same  trends  of 
and  with  increasing  and  0^  values  as  discussed  for  he 
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two -flat -pinto  configurations.  'Die  reduction  of  ci-gy 
from  those  given  by  the  estimated  performance  curve 
percent  for  0^  values  lens  than  60°.  With  a  nozzlu 
(i'lg.  6(c)),  it  was  possible  to  obtain  total  aefiectiV 
to  6b1  ;  however,  the  attendant  valuer,  were  only  - 

(14  percent  less  than  calculated  values),  because  the 
primarily  from  the  first  two  plates.  The  third  plate, 
steep  deflection  angle  relative  to  the  horizontal  nozzl 
almost  wholly  to  reducing  the  axial  thrust. 
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near  60°  (fig.  6(b))  are  gA\  e rally  greater 

by  up  to  47  percent  than  those  given  by  the  estimated  perV\  rmance  curve. 
At  total  deflection-plate  angles  near  90°  (fig.  8(c)),  theV'  measured  ^ 

of  g  great 'y  exceed -u  the  calculated  value  of  -f 
failure  f  •  ..  '  *  t  u  turn  •  he  curk  let'  angle  prer?"j  oed  ■  "  ’! 
plates  n  nu  ue  cause  oi  tt~  .Amplifying  as;,u..oHor.J  used  in  che 
preserg  'd  in  appendix  r.  The  inability  of  trie  jet  stream  to  tu\  tne  1 
total  eagle  prescribed  by  the  deflection  plates  was  observed  foi\  * J 1  on- 
figurations  and  deflection  angles)  however,  this  phenomenon  wan  m\  e 
evident  at  large  total  deflection  angles. 

Six  flat  plates.  -  Wh.ile  the  two-  aid  t.iree-flat-plate  configure*'  io 
were  studied  over  arbitrarily  selected  deflection-plate  lengths  and  ai  il 
the  Individual  plate  lengths  and  angles  for  rhe  six-  and  n  i  ne  -  flat -p  left  \  ^ 
configurations  (the  latter  to  be  discussed  Inter)  were  calculated  by  uJg 
of  the  s ingle-flat-plate  data  of  reference  2  in  order  to  obtain  near  4 
optimum  performance.  For  a  prescribed  total  deflection-plate  angle,  eauel 
local  deflection  angle  between  adjacent  plates,  and  a  given  number  of 
plates,  a  plate  length  wan  alculated  that  would  result  in  negative  sur¬ 
face  pressure  coefficients  over  the  entire  surface  with  a  zero  pressure 
coefficient  approximately  at  the  downstream  end  of  each  plate. 

For  the  s lx-f In .-plate  Ccanda  nozzle  (h  =  2.0  in.  and  =  75°), 

•^L  value  of  about  0.80b  was  attained  compared  with  a  calculated  value 


an 

of  0.896 


The  measured  value  was  0.345  compared  with  the  calculated 

value  of  0.141,  indicating  that  the  jet  stream  did  not  turn  the  full  75° 
prescribed  by  the  deflection  plate.  It  is  believed  that  the  decrease  in 
average  total  pressure  of  the  jet  stream  with  distance  downstream  from 
the  nozzLe  exit  also  contributed  to  the  reduced  and  increased 

values.  Further  discussion  of  the  performance  compared  with  that  calcu¬ 
lated  empirically  is  contained  in  appendixes  C  and  D. 


A  companion  of  the  ^  value  obtained  with  the  six-flat-plate  con- 
figurat  on  with  that  interpolated  for  the  three-plate  configuration  at  a 
0L  of  75°  (fig.  8(c))  shows  that  the  value  for  the  six-plate  con¬ 

figuration  is  about  19  percent  greater  than  that  for  the  three-plate 
•onf  i  gurat  ion  . 
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A  .naxin  m  value  .  ?*  0.MH5  viui  obtained  at  the  design  0 ^  of  9  )°, 

compare  1  wit  \  a  calculated  'aiuo  of  0.919. 

A  hunjr  In  0]  of  ±lu'  i't  v.'  the  design  angle  of  10°  -aused  i  ■  •- 
:ceas’  n  tl  c  measured  valuer,  especially  when  6 j  was  reduc  ;o  o 

0°.  Foi  0|  of  0°,  the  first  t  late  contributed  practically  no  lift 

because,  as  £hown  In  table  I,  the  negative  pressures  (yielding  lift,'  >n 
this  pia  e  were  balanced  by  positive  pressure.  Consequently,  the  3  • 

value  wa  re.  iced  (from  0.005  to  0.000),  since  the  deflection  plal e  con¬ 
sisted  e  fee*  .vely  of  only  eight  plates  with  a  of  00°.  With  a  •]_ 

rf  20°,  1  he  1  .ft  on  the  first  plate  wua  Increased;  however,  the  las1  ,  late 
(0j.  =  10Cn)  .  ,i>  a  downward  force  component  that  decreased  the  lift  i,  a  a 

irom  the  fir  t  plate.  Furthermore,  tne  other  plates  (2  to  0)  had  s  >m 
what  redu  :ed  lift  components  because  of  flow  interaitions  die  to  de  ‘leccing 
the  f  irst  pin  ,e  to  a  larger  angle  than  that  between  the  succeeding  plates. 
The  resul  o  1  all  of  these  effects  caused  the  3^^  value  for  0 ^  o  ’  100° 

to  be  subi  tat  lially  the  same  as  that  at  0t  of  90°. 

For  tae  ' hree  0^  values  studied  with  the  nine-flat-plate  c  nfig- 
uration,  tie  'easured  ^  values  were  always  neater  than  those  alcula- 
ted.  At  a  6,  of  100°,  however,  the  was  nearly  zero,  an  th  c  only 

vertical  1  ft  was  being  obtained. 
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fr r  Co an da  hozzIgs 

C irvcti  -la*o8  .  -  Previous  unpublished  NACA  data  .  -  -«■: 


i  pla*po.  -  Previouu  unpublished  NALA  aa  ax  tial  to  the  noz- 

nave  shown  that ;  when  a  -ur'/ed  deflection  plate  s  Dressure  relative 
z  -enter  1  1  ne  at  the  nozzle  exit,  a  positive  our  a  le  exit.  This 

to  imblent  pressure  is  obtained  on  the  plat  ?  nea  .  plate  and  'On- 

i)o.)  i  t  i  ve  nur fa  :<  pressure  causes  a  downward  orce  °  '  The  curved 

sequent  Ly  reduces  the  over-all  lift  of  the  coni  ^ration. in -lined 
plates  used  herein,  therefore,  consisted  of  a  otraig  ura  shown  in 

downward  near  the  nozzle  exit  followed  by  the  cui ve  _  generally 

figure  b.  The  straight  section  of  the  deflection  P^te  ^  ^ 

designed  in  accordance  with  optimum  ratios  of  nozzl  -  ;.egative  sur- 

length  presented  in  reference  ?,  with  the  resu  Reflection  plate, 

fa  -  c  nressure  coefficients  occur  on  this  portion  of 
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/ lag  table 


'V  - 

tlCVJ 

if]  values 

Jf.  value/' 

A 

0.0  5 

-0.04 

B 

.810 

-.02 

C 

.807 

-.04 

D 

.770 

.21 

E 

.803 

.12 

F 

.803 

-  .02  1 

aMinus  signs  indicate  that  the  J®1, 
stream  was  turned  more  than  SO  , 
yielding  a  reverse  thrust  in  the 
axial  direction}  plus  signs  ind  - 
cate  that  the  jet  stream  was  no 
turned  9e)° 

o  rio  qX  thG  downs  tr*£ 

Thfcae  -ata  show  that  a  cu.-xed  surface  with  i  95  _  ^  the  jet  stream 

end  of  the  plate  (configui  "  .ons  D  and  E)  will  ■  •  -  It  is  necessary, 

as  much  as  ^he  deflection  angxe  specified  by  the  p  ‘  ations  A,  B, 
therefore,  to  "overturn"  the  deflection  plate  (see  eo  »  ,trm»  the 

C,  and  p)  by  an  angle  of  perhaps  10  In  order  co  tu 
iiv.ail  90°  and  obtain  an  ^  value  of  zero. 

-urved-plate 

.•»  A  ““  ‘  . .  . . . 


required  -JV~  ana  oDuaiu  an 

configuration: 

•ompar rson  of  the  data  obtained  with  the  the  latter 

.  if,e  for  the  nine-flat -plate  configuration  s>  ^  plates  (0.80 

_  _  ,  .  i  _.i_i _ ^+-V.p-p4-r\TT'n<::T'  L4iv  L 

las  ”  ■- 


tn  0.01,  r 
ol  i  Le  eon  r 
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value  about  0.07  higher  than  that  of  the  ^  ;.urved- 

^..actively)  ■  It  should  be  noted,  howevei  ,  timum  deflect 

c  not  consxderea 


,.,7v;onG  studied  herein  are  no <-  "  the 

-  also  appendix  C)  .  Also  the  details  of  the 
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ewnmi  for  otr#rlymtng  the  tkrfloctlon  plate  at  the  downstream  end  have 
riot  t^en  fully  explored. 


CocjAr liiot;  of  Perforcan-e  for  nil  Conuda  Nozzieu  Tented 


The  per v-vm  of  the  various  Coanda  nozzles  studied  herein  is  iium- 

nnrized  in  n  plot  of  the  variation  of  j^  with  ^  shown  in  figure  9. 

The  censured -data  curves  shown  in  figure  9  were  obtained  by  fairing  a 
curve  through  the  highest  value'  nt  each  0^  presented  in  the  previ¬ 

ous  figures  nnd  In  the  tables.  Also  n'awn  In  figure  9  are  the  performance 
curves  for  single-flnt-plate  nnd  perfect,  curved-plnte  mechanical  deflec¬ 
tors.  All  the  data,  except  for  the  three-f le.t-plnte  configuration,  used 
to  deflect  the  Jet  near  90°  (h  «  0.5  in.),  fall  between  the  envelope  of 
these  two  curves.  The  performance  of  the  three-f lat-plnte  configuration 
for  n  nozzle  height  of  0.5  inch  was  relatively  poor,  primarily  because 
the  value  was  low  since  the  third  plate  virtually  did  not  contribute 

to  lift,  as  discussed  previously.  The  best  performance  (ns  defined  by 
nearest  approach  of  the  experimental  data  to  the  cosine-law  curve)  for 
large  totai  deflection-plate  angles  was  obtained  by  the  bIx-  and  nine-flat- 
plate  configurations.  In  general,  the  measured  ^  values  of  the  best 

Coanda  nozzles  for  Gt  values  greater  than  70°  (  ^  values  less  than 

about  0.3)  were  about  85  percent  of  those  calculated  for  a  perfect  curved 
plate . 


CJNCLUDIuti  REMARKS 

The  results  of  this  study  show  that  Coanda  nozzles  using  multiple- 
flat-plate  or  curved-plate  aeflcctors  can  achieve  a  90°  deflection  of  the 
jet  stream  with  vertical-lift  values  of  the  order  of  0.88  and  0,81, 
respectively,  of  the  undeflected  thrust.  These  lift  values  are  accompanied 
by  an  essentially  zero  axial-thrust  component.  The  measured  iift  ’values 
are  not  considered  to  be  optimum  for  a  Coanda  nozzle,  higher  values  pos¬ 
sibly  being  attainable  with  more  refined  deflectors. 

For  the  Coanda  nozzles  used  herein,  side  plates  were  required  to  delay 
jet-stream  detachment  from  the  deflection  plate.  The  optimum  shape  and 
height  for  these  side  plates  were  not  determined;  however,  side  plates 
of  the  same  height  as  the  nozzle  and  extending  the  full  length  of  the  de¬ 
flection  plate  appeared  to  be  adequate. 

As  pointed  out  in  reference  2,  the  deflection  surfaces  may  necessarily 
be  large  in  order  to  achieve  good  performance  for  a  high  degree  of  jet- 
stream  turning  for  use  with  VTOL  aircraft;  therefore,  best  utilization  of 
a  Coanda  nozzle  can  be  achieved  by  designing  an  aircraft  with  due  consider¬ 
ation  of  the  unique  characteristics  of  the  device  rather  than  by 
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Incorporating  it  in  an  exioting  aircraft.  Any  trim  or  pitching  moments 
that  might  be  caused  by  the  location  of  the  center  of  pressure  for  the 
deflection  plate  (sec  table  I)  would  liuve  to  be  compensated  for  by  an  ap¬ 
propriate  reaction  control  device. 


-ewis  Flight  Propulsion  Laboratory 

National  Advisory  Commit cee  for  Aeronautics 
Cleveland,  Ohio,  July  24,  195H 
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SYMBOLS 

deflcction-plate  drag  force,  lb 

force  measured  by  strain-gage  system  at  location  noted,  lb 
undeflect.ed  jet.  thrust  (no  deflection  plate),  lb 
force  or  lift  normal  to  plate  surface,  lb 
ratio  of  lift  to  undeflected  thrust,  L/Fj 

ratio  of  axial  thrust  with  deflection  plate  to  undeflected 
thrust  (also  called  axial-thru3t  ratio) 

nozzle  height,  in. 

vertical  lift,  lb 

length  of  an  individual  flat  plate  in  a  multiple-f lat-plate 
configuration,  in. 

total  length  of  deflection-plate  configuration,  in. 

surface  distance  measured  from  upstream  end  of  a  deflection 
plate  to  an  arbitrary  point  on  deflection  plate,  in. 

jet  total  pressure,  in.  Hg  gage 

average  total  pressure  of  jet  downstream  of  nozzle  exit,  in. 
Hg  gage 

maximum  total  pressure  of  jet  downstream  of  nozzle  exit,  in. 
Hg  gage 

jet  total  pressure,  in.  Hg  abs 

local  static  pressure  on  deflection  plate  or  in  jet  stream  as 
noted,  in.  Hg  abs 

atmospheric  pressure,  in.  Hg  abs 

vertical  location  of  center  of  pressure  referenced  to  lower 
lip  of  nozzle  exi  in.. 
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Subscripts : 


horizontal  Location  of  center  ol'  pressure  referenced  to 
nozzle -ex it  plane,  in. 

horizontal  lever  arms,  in. 

local  deflection-plate  angle,  deg 

total  deflection-plate  angle,  deg 


lift 


1,2,3,  ...  plate  number 


10 
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APPENDIX  B 


ESTIMATED  PERFORMANCE  OF  MULTIPLE -FLAT -PLATE  DEFLECTORS 


By  Thomas  F.  Gelder 

As  demonstrated  in  reference  tne  experimental  performance  ( 
and  values)  of  a  single-flat-plat’  ueflector  is  reasonably  represented 

by  the  following  expressions: 

=  s^n  ®1  (Bla) 

^  1  -  tan  0]_  sin  0-^  (B2a) 

from  which,  by  definition, 

lo  =  Fj  sin  0-j_  ( Bib) 

Di  =  Fj  tan  0-^  sin  0^  (B2b) 


An  integration  of  local  pressure  differences  from  ambient  along  the  single¬ 
flat-plate  length  (plate  area  for  unit  width)  can  be  represented  by  a 
single  for~e  normal  to  the  plate  Fjg  The  vertical  (lift)  and  horizontal 

(drag)  components  of  this  normal  force  are 

L1  =  FN,1  eos  9 l  (B3) 


and 


D1  "  FN,  1  sir‘  °l 

Combining  (B3)  ant  (Bib)  or  (P^)  and  (B2h)  resuits  in 

FN,1  =  Fj  tan  01 


1^4) 


(B5) 


By  assuming  that  the  jet  stream  will  turn  from  the  first  prate  and 
follow  a  second  plate  in  the  same  manne.  (same  losses  and/or  augmented 
flow)  as  it  left  the  nozzle  exit  and  followed  the  first  plate,  a  method 
for  predicting  the  performance  of  a  tvo-pie^u  deflector  is  suggested. 
Such  reasoning  implies  a  normal  force  on  the  second  plate  analogous  to 
equation  (B5),  or 


Fjxj  o  =  F  \  tan  0^ 


(B6) 
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Likewise,  throughout  any  given  multipLe-f lat-plute  defle'tors, 

Ffj  j  =  Fj  tun  0]  (b  '  J 

Since  Oj  In  defined  mi  the  lo -ul  angle  between  adja-er.t  plater,  the  1: 

uud  drug  component 3  of  the  l^h  pl.ute  are  a  generalization  of  equation:', 
(D3)  and  ( B4 ) ,  respectively,  or 


L[  «  F^  j  con  0< 


(bej 


i=n 

V' 

Di  =  FN,i  sln  °i 

i=l 


(bb ) 


With  equation  (B7)  the  total  lift  and  drag  for  a  multiple-flat-plate  -•on- 
figuration  are,  from  (B‘l)  and  (BrJ), 

L  —  Li  +  Lo  +  ...  L_ 


=  F 


tan  Op  cos  0j  +  tan  0^  cos  (0p  +  0o)  +  •••  /  tan  0p  cos 


(BIO) 


D  —  D-j  +  Dp>  +  ...  D, 


=  F 


tan  0-j  sin  0^  +  tan  0o  sin  (0j  +  0p)  +  • 


i=n  k^i 

^  tan  0i  sin  g  0* 

(Bll ) 


From  the  definition  of  "rd  equation17  (BIO)  and  (Bll)  become 


&  = 


L 


L  F 


=  tan  0p  cos  9p  +  tan  0g  cos  (0^  t-  Gp )  +  .  . 


s 


k=i 


tan  0-j  cos 


(blf) 
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J 

ft. an  0i  sin  0_  ♦-  tun  0^  sin  (hi  +  0;  ) 


The  performs. ice  estimates  of  multiple-flat-plnte  eonf igurat Iona  using 
(HIP)  and  (B13)  represent  maximum  3^  and  minimum  ^  values  to  be  ex¬ 
pected  and  should  only  oe  sed  ns  a  guide.  Actual  performance  will  depend 
on  plate  length,  nozz  e  size,  entrainment  of  surrounding  air  by  the  Jet 
stream,  and  go  forth,  as  discussed  in  reference  2,  and  also  will  differ 
from  (B12)  and  (B13)  because  of  losses  in  Jet-stream  total  pressure  as 
indicated  in  appendix  D.  Finally,  local  deflection  angles  are  limited  by 
Jet-stream  detachment  from  the  deflection  plate  (ref.  2). 
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PRESJJURE  DISTRIBl/riON  OVER  DEFLECTION  PLATES 

Order  of  magnitude  and  trends  ol‘  upeclfi-  effect;;  or.  the  pleasure 
distribution  over  the  deflection  plate  due  to  pressure  ratio,  plate 
length,  local  and  total  deflection  angles,  number  of  plate  segments,  and 
nozzle  height  are  discussed  in  this  appendix. 

A  complete  tabulation  of  the  locai  surface  pressure  coefficients  as 
a  function  of  distance  along  the  plate  surface  measured  from  the  nozzle 
exit  is  given  in  table  II  for  the  multiple-flat-plate  and  curved-plate 
configurations . 


Multiple  Flat  Platen 

Representative  pressure  distributions  for  the  multiple-flat-plate 
con.  gurations  are  presented  in  figures  10  to  13  in  terms  of  local  sur¬ 
face  pressure  coefficient  (p  -  Pq)/Pj  as  a  function  of  local  deflection- 

platc  length  Z'  measured  from  the  upstream  end  of  each  plate  in  the 
deflection-plate  configuration.  Pressure  distributions  for  configurations 
having  equal  local  deflection-plate  angles  (0^  =  =  03  •••)  Were 

selected  for  these  figures.  Furthermore,  for  each  configuration  the 
pressure  distributions  for  the  individual  plates  are  superimposed  for 
purposes  of  data  comparison.  Where  possible,  the  pressure  distribution 
for  a  single-fla^  plate  configuration  (ref.  2)  is  also  shown  for  com¬ 
parison.  Finally,  small  inserts  in  the  figures  show  the  local  surface 
pressure  coefficients  as  a  function  of  the  total  deflection-plate 
length  Z^. 

The  pressure-distribution  trends  observed  for  all  multiple-flat- 
plate  configurations  are  summarized  as  follows:  The  pressure  distribu¬ 
tion  over  the  first  plate  of  a  multiple-flat-plate  configuration  has  the 
same  general  shape  as  that  for  the  single-flat-plate  configuration  (see 
figs.  10  to  12)  except  near  the  downstream  end  of  the  first  plate,  where 
the  local  surface  pressure  coefficient  is  greater  for  a  multiple-flat- 
plate  configuration  than  for  the  single-flat-plate  configuration.  A 
small  decrease  in  (p  -  PqJ/Pj  near  the  upstream  end  of  the  plate  also 

is  evident  for  some  of  the  multiple-flat-plate  configurations.  The 
second  and  succeeding  plates  of  a  multiple-flat-plate  configuration  show 
progressively  decreasing  local  surface  pressure  coefficients  (less 
negative  values)  near  the  upstream  portions  of  the  plate  compared  with 
the  (p  -  pq)/Pj  values  for  the  first  plate  (and  single-flat-plate  data). 

The  decrease  in  the  local  negative  surface  pressure  coefficients  over 
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the  upo’reaa  port  Iona  of  the  uecond  and  (succeed Inf’  deflection  plater, 
reuultu  In  rt  decrease  In  lift  for  these  platen  compared  with  that  pre¬ 
dicted  by  u lngle-f lul-pln*  -  data.  Some  Inereiioe  In  lift  In  obtained  by 
the  nlgher  negative  (p  -  Pq)/I'j  valued  over  the  downutreom  port  lorn;  of 

the  flrut  plate;  however,  the  do  •  refine  In  lift  of  the  other  platen  in  a 
'onf 1 vurat ion  generally  outweighs  thlu  Improvement. 

Ietallu  of  the  pressure  distributions  for  each  mult lple- flat-plate 
configuration  are  din^unned  In  the  following  sections. 

Two  flat  platen .  -  In  figure  10(a)  the  pressure  din tr lbut Ion  over  a 
two-flat-plate  configuration  la  ohown  for  nominal  preaaure  ratios  of  1.8 
and  2.7  and  a  Local  deflection  angle  of  10°  (0^  0^  =  10°).  The  dauh- 

dot  curve  In  the  figure  is  the  pressure  distribution  measured  for  an 
otherwise  similar  Coanda  nozzle  using  a  single-flat-plate  deflector  for 
0^  of  10°  (ref.  2).  Similar  data  at  a  local  deflection  angle  of  20° 

and  a  P^/pq  of  2.7  are  shown  in  figure  10(b).  The  general  pressure- 

distribution  trends  described  previously  occur  both  for  above  and  below 
nozzle  choked-flow  conditions.  The  decreased  ^  value  (compared  with 

calculated)  for  the  two-f lat-plate  configuration  shown  in  figure  7  and 
discussed  in  the  text  is  attributed  primarily  to  the  decrease  in  local 
surface  pressure  coefficients  over  the  upstream  portion  of  the  second 
plate  (square  symbols,  fig.  10). 

It  is  of  interest  to  note  that  the  second  plate  for  the  configura¬ 
tions  shown  in  figure  10  was  excessively  long,  as  evidenced  by  the  initial 
location  of  the  zero  pressure  coefficient  upstream  of  the  end  of  the 
plate  (see  ref.  2),  and  that  some  increase  in  could  be  obtained  by 

using  a  shorter  second  plate  and  thus  deleting  that  portion  of  the  plate 
over  which  positive  pressures  exist  without  affecting  the  remaining 
pressures  over  the  rest  of  the  plate  (ref.  2). 

Three  flat  plates .  -  The  deviations  of  the  pressure  distribution 
for  successive  deflection  plates  of  a  three-flat-plate  configuration  com¬ 
pared  with  siugle-f lat-plate  data  (fig.  11 )  followed  the  trends  noted 
for  the  two-flat-plate  configuration.  The  local  surface  pressure  coef¬ 
ficients  for  the  third  plate  (constant  0  values)  were  lower  (less  nega¬ 
tive)  than  those  for  either  the  first  or  second  plate.  This  factor  con¬ 
tributed  largely  to  the  decrease  in  values  for  the  three-flat-plate 

configurations  (fig.  8)  compared  with  calculated  values. 

Six  flat  plates.  -  The  decrease  in  lift  caused  by  the  progressively 
reduced  local  surface  pressure  coefficients  over  successive  plates  of  the 
six-f Lat-plate  configuration  (fig.  12)  is  illustrated  by  comparing  the 
lift  normal  to  the  surface  obtained  from  each  plate  (obtained  by  integra¬ 
tion  under  the  pressure-distribution  curves)  with  that  for  the  first 
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plate  find  that  for  a  fi  1  rif-'  1  flat  plat#1  (ref.  ?.)  .  These  compar  Isons  in 
ratio  form  arc  shown  In  the  following  tat  La: 


4* 


f  P  i  ate 
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1  Ratio 
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norm/ii  1  i  ft 

normal 

1  1ft 

of  each  plate 

of  ear 

l:  piate 

to  normal 

to  normal  lift  ■ 

lift  of  f .rut 

of  single  flat  i 

plate 

plate 

(ref.  2) 

1 

1  .00 

1 

.10 

1  R 

,63 

.7G 

3  , 

.04 

.70 

.60 

.  6G 

5  1 

.56 

.Cl 

0  i 

- 

.  <15 

_  —  - 

.27 

These  data  show  that,  except  for  the  first  and  last  plates,  the 
plates  contribute  only  about  two- thirds  of  the  normal  lift  obtainable 
with  a  single  flat  plate  for  the  same  operating  conditions.  The  sixth 
plate  has  a  normal  lift  only  about  one-fourth  of  that  for  the  single  flat 
plate.  This  low  lift  may  be  explained  by  the  fact  that  the  jet  stream 
is  not  being  turned  to  the  complete  0 ^  of  the  deflection  surface,  and 

local  jet  detachment  may  be  occurring. 

Nine  flat  plates.  -  For  the  nine-flat-plate-configuration  (fig.  13), 
the  effect  of  decreased  local  surface  pressure  coefficients  witn  down¬ 
stream  location  of  the  particular  deflection  plate  on  the  lift  normal  to 
each  plate  was  substantially  the  same  as  for  the  six-flat-plate  config¬ 
uration.  In  the  following  table  the  lift  normal  to  each  instrumented 
plate  (odd-numbered  plates)  is  compared  with  that  for  the  first  plate: 


Plate 

Ratio  of  normal 
lift  of  each 
plate  to  normal 
lift  of  first 
plate 

1 

1.00 

3 

.91 

5 

.68 

7 

.57 

9 

.20 

These  data  are  fur  9^.  of  90°  (0-,  =  10°).  As  for  'he  six-fiat  • 

L  1  7 

plate  configuration,  the  normal  lift  for  the  downstream  plates  is  reduced. 
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Curved  Plates 

Typical  pressure  cIIl  ir  ii»ut  ions  over  several  curved-plate  configura¬ 
tions  are  shown  as  a  function  of  distance  along  the  deflection  plate  In 
figure  14.  In  general,  the  local  surface  pressure  coefficients  over  the 
straight  section  ol  the  deflection  plate  are  comparable  In  magnitude 
to  those  obtained  with  the  oingle-f lat-plutc  configurations  of  reference 
2.  In  the  transition  region  where  tne  straight  section  fairs  Into  the 
curved  portion  of  the  deflection  plate,  the  local  surface  pressure 
coefficients  increase  again  to  reach  large  negative  values  (up  to  about 
-0.5).  Following  this  negative  surface-pressure-cot ffic lent  peak,  in 
the  transition  region  the  coefficients  oscillate  widely  in  a  series  of 
alternating  peaks  and  valleys  before  tending  to  decrease  monoton  1  cal ly 
with  increasing  surface  distance  along  the  plate. 

Efforts  to  eliminate  the  regions  of  low  negative  pressure  coeffi¬ 
cients  by  a  change  in  over-all  radius  of  curvature  of  the  deflection 
plate  proved  unsuccessful.  It  is  believed  that  small  local  changes  in 
curvature  of  the  deflection  plate  would  eliminate  these  valleys  in  the 
pressure  distribution  and  thereby  increase  the  lift  obtainable  with  a 
curved  deflection  pLate  over  the  ^  values  given  in  the  text.  The 

present  setup,  however,  was  not  sufficiently  flexible  for  the  study  of 
such  local  effects  on  the  performance  of  the  configuration. 

The  effect  of  pressure  ratio  on  the  pressure  distribution  over  con¬ 
figuration  A  is  shown  in  figure  14(a).  It  is  apparent  from  these  data 
that  no  systematic  trends  are  discernible. 

Pressure  distributions  for  configurations  E  and  F  were  substantially 
similar  to  those  shown  in  figure  14  and  are  no*  further  discussed. 


607 


’•AC A  TN 


,7  7 


AH' 


END  IX 


I) 


n- 

a 

hr 

ce 


i- 


Liy 


EFFECT  OF  JET -STREAM  TOTAL  -  PRESSURE  ijOSSES  ON  OKFIJiCTIO;.’  -PLATE  PRESSURE 


DISTRIBUTION  AND  LIFT  CAPABILITY 


The  K  -al  pressures  obtained  on  the  our  face  o !'  the  deflection  plates 
are  expressed  herein  in  term.;  of  the  average  total  pressure  of  the  Jet 
stream  meaaured  near  the  nozzle  exit.  Also,  in  the  calculated  perform¬ 
ance  herein  it  was  assumed  that  the  total  pressure  of  t!.e  Jet  stream 
remains  constant  with  distance  downstream  of  the  nozzle  exit.  However, 
for  an  undeflected  Jet,  increasing  total-pre3sure  losses  do  occur  with 
progressively  increasing  distance  downstream  of  the  nozzle  exit  because 
of  mixing  with  the  quiescent  air  surrounding  the  Jet  stream. 

Total-  and  static-pressure  traverses  of  the  undeflected  Jet  stream 
at  several  downstream  stations  were  made  with  the  2-inch  nozzle;  the 
resultant  total-pressure  profiles  are  shown  in  figure  15(a)  for  a 
nominal  pressure  ratio  of  2.1.  It  is  apparent  that  the  total-pressure 
profile  increases  in  height  (measured  vertically  from  the  nozzle  center- 
line)  and  also  that  the  maximum  total  pressure  at  the  jet  centerline 
decreases  with  increasing  distance  downstream  of  the  nozzle  exit.  Near 
the  nozzle  exit  (0.5  in.  downstream)  the  total-pressure  profile  shows  a 
nearly  flat,  rectangular  shape  similar  to  the  shape  usually  existing  at 
the  nozzle  exit.  Farther  downstream  the  total-pressure  profile  is  no 
longer  flat  hut  shows  a  decrease  in  total  pressure  with  increasing  height 
measured  vertically  from  the  jet  -enterline. 

These  total-pressure  profiles  were  integrated,  and  the  ratio  of  the 
average  total  pressure  downs tream  of  the  nozzle  exit  to  total  pressure 
at  the  nozzle  exit  Pj^/pj  is  shown  in  figure  15(b)  as  a  function  of 

distance  downstream  of  the  nozzle  exit  for  a  range  of  pressure  ratios. 
Figure  1.5(b^  shown  that  the  average  total-pressure  ratio  F;  j/P,  de- 

creases  with  increasing  distance  downstream  of  the  nozzle  exit.  For  the 
nozzle  studied,  pj,d/pj  0-58  was  obtained  11.80  inches  downstream  of 
the  nozzle  exit.  Also  shown  in  figure  15(b)  is  the  ratio  of  the  maximum 
value  (nozzle  centerline)  of  the  local  jet  total  pressure  to  the  total 
pressure  at  the  nozzle  exit  P,  _/P*.  This  total-pressure  ratio  also 

decreases  with  distance  from  the  nozzle  exit,  attaining  a  value  of  0.G8 
11.80  inches  downstream  of  the  nozzle  exit. 

The  deterioration  of  the  jet  total  pressure  downstream  of  the  nozzle 
exit  helps  to  explain  in  part  the  reduction  in  the  local  negative  surface 
pressure  coer-nic ients  on  successive  plates  with  a  multiple-flat-plate 
configuration.  All  other  factors  remaining  equal,  the  pressure  distri¬ 
bution  over  each  plate  (hence  normal  lift)  is  a  function  of  the  total 
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pr»*us  ure  of  the  Jr*  o  ire  am  pass  ing  over  en*h  plate.  A  reduction  1  n  Jet 
total  pressure  will  therefore  renult  In  decreased  lo  *al  pressures  on  a 
plate  and  a  reduction  In  normal  lift  over  the  surface.  It  wan  observed 
that,  when  the  ratio  of  the  average  nurface  pressure  coefficient  for  a 
given  plate  to  that  for  a  single  flat  plate  In  plotted  an  a  function  of 
distance  downstream  of  the  nozzle  exit  to  the  mid -Lord  of  the  particular 
plate,  the  resulting  values  are  similar  to  those  for  the  average  total - 
pressure  ratio  Pj^j/Pj  given  in  figure  15(b).  However,  this  observa¬ 
tion  may  be  fortuitous,  since  the  effect  of  a  deflector  su -h  an  the  nix- 
flat-plate  configuration  on  the  local  Jet-stream  total  preooureo  was 
not  determined.  While  an  effort  was  made  to  obtain  total -prensure  pro¬ 
files  of  the  Jet  stream  over  the  s ix-f lat-plnte  deflector,  the  presence 
of  the  pressure  probe  markedly  affected  the  pressure  distribution  over 
the  plate  being  studied  and  caused  a  loss  in  lift  for  the  configuration 
(in  some  cases  Jet  separation  from  the  deflector  occurred).  The  total- 
pressure  dalu  obtained  under  these  circumstances  wore  not  considered 
valid  and  therefore  are  not  included  herein. 
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(o)  .llx-flni  -('.Ate  c  (.figuration;  nozzle  height, 

1° 

2 .  ;  Inches  j  each  deflection-plate  anf.lc,  l.*r  ; 
each  plate  length,  2.0  Inches 


Preonure 

Hallo  of  lift 

Axial-  y. 

1 , 

ratio, 

to  vndeflected 

thrunt  In. 

in . 

»V'« 

thr  uot , 

"i. 

ratio, 

jr 

l  ,’.n 

0.705 

o..tir.  n!. . . 

*3.4 

1  .  ?o 

.700 

.310  “5.7 

'*3.4 

2.12 

.006 

.34  5  ,  :  .?3 

3  .  A 

aEut  1 mated . 


(d)  Hlnc-f lnt-platc  configurations;  nozzle  height, 
0.5  Inch;  each  plate  length,  0.G  Inch; 
def lectlon-plt to  anglen  0?  to  0Q,  10°  each 

r  *  *  t 


V 

deg 

Pressure 

Ratio  of  lift 

Axial- 

J, 

•f 

“  # 

ratio , 

to  undeflected 

thrua  t 

In . 

In . 

Pf/,J0 

thrust, 

■^L 

—  -  *-  4  e- 

(a) 

(a) 

0 

1  .  10 

0.011 

1  0.277 

2 . 25 

1.5 

2.10 

.000 

.270 

2.25 

1.6 

2.71 

.035 

.  <753 

2.0 

1  .  ^ 

10 

1.02 

0.000 

0.135 

2.0 

1  4 

2.10 

.005 

.  135 

2.0 

1.1 

2.71 

.005 

.135 

1.9 

1.6 

3.00 

.805 

.130 

1.0 

l1-0  . 

20 

1.01 

0.073 

0 

'  2.0 

1.3 

2.11 

.804 

.020 

2.0 

1.3 

2.69 

.873 

.014 

1.0 

1.5 

_  _  i 

3.02 

.061 

0 

,1.8 

1.65 

aEstl mated . 

(e)  Curved-plate  conf 1 guratlons ;  nozzle  height,  1.1  IncheB 


Config¬ 

Plate 

Pressure 

Ratio  of  lift 

'Axial- 

1  _ 

y, 

t  _ 

z. 

uration 

length , 

ratio, 

to  undeflected 

thrust 

In. 

In  . 

1  n . 

P  /p 

thrust , 

ratio, 

i 

N  0 

^z 

j 

\ 

1 

(a) 

1 

A 

0.25 

1.49 

0.800 

0. 

2.25 

:  2.08 

1.00 

.819 

-.03 

2.24 

1.86 

2.09 

.015 

-.04 

2.27 

2.02 

: 

!  2.46 

.810 

0 

2.15 

2.06 

1 

2.66 

.766 

.19 

f  I 

1.95 

, 

2.01 

B 

9.00 

1.49 

0.801 

0.02 

2.70 

2.10 

! 

1  .81 

.804 

0 

2.69 

2.15 

2.11 

.810 

-.02 

2.65 

2.10 

2.69 

.708 

.10 

2.39 

2.42 

\  ■  ■ 

2.80 

.774 

.01  1 

2.27 

_ 

2.56 

C 

7.60 

1.79 

0.842 

-0.03 

2.23 

1.60 

: — .  1 

2.09  I 

.807 

-.04 

_  2.22 

1.63 

(■  D  i 

1 _ E _ 

11.25 

2.09 

0.770 

0.21  , 

b3.2 

b4 . 5 

11.25 

2.09  , 

0.803 

0.12 

b? . 95  , 

b4 .5 

[ _ L..  1 

0.25 

2.11  J 

0.803 

-0.02  [ 

b2 .0 

b2.3 

^Negative  Blgn  Indicates  reverse  thrust  (excessive  turning  of 
Jet  stream). 

'E:>  ■  Uuai.od . 
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Figure  2.  -  Airflov  in  supply  system. 
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Figure  4.  -  Typical  Installation  of  multiplo-flat-plate  configuration. 
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Figure  7.  -  Variation  of  tvc-flat-p late  Coandu  nozzle  performance  characteristics  with 
total  deflection-plate  angle.  Nominal  pressure  ratio,  2.1;  nozzle  height,  1.1 
inches;  =  2.0  incheB. 
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Total  deflection-plate  angle,  9 deg 

(c)  Nozzle  height,  0.5  inch;  plate  lengths:  l±  =  2.5, 

=  2.75,  and  =  4. 80  inches. 

Figure  8.  -  Concluded.  Variation  of  three- flat-plate  Coanda  performance  char¬ 
acteristics  with  total  deflection-plate  angle.  Nominal  pressure  ratio,  2.1. 
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Figure  10.  -  Concluded,  Representative  pressure  distribu¬ 
tions  over  two- flat-plate  Coanda  nozzle  configuration 
for  preesure  ratios  above  and  below  choking.  Nozzle 
height,  1.1  inches;  plate  lengths,  2.0  and  5.2  inches. 
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Local  surface  distance  measured  along  plate  . n. 

Figure  11.  -  Representative  pressure  distributions  over  three- 
flat-plate  Coanda  nozzle  configuration.  Nominal  pressure 
ratio,  2.7;  nozzle  height,  1.1  inches;  local  deflection 
angle  for  each  plate,  20°;  plate  lengths,  2.0,  2.75,  and 
4. 08  inches,. 
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Figure  12.  -  Variation  of  surface  pressure  distribution  with 
plate  length  for  a  six-flat-plate  Coanda  nozzle.  Nominal 
pressure  ratio,  2.1;  plate  lengths,  2.0  inches  each; 
deflection  angle,  12.5°  each  plate;  nozzle  height,  2,0 
inches;  total  deflection-piste  angle,  75°. 
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Figure  13.  -  Variation  of  surface  pressure  distribution  with 
plate  length  for  a  nine-flat- plate  Coanda  nozzle.  Nominal 
pressure  ratio,  2.1;  plate  lengths,  0.3  inch 
tion  angle,  10°  each  plate;  nozzle  height,  0.5  inch; 
deflection-plate  angle,  90°. 
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